Polymers are widely utilized as protective coatings to prevent metal surfaces from wear, corrosion, or bio-fouling. Yet, stability and adhesive properties of polymer to metal bondings are not fully understood at the molecular level. Here, we measured the interaction forces between a gold electrode surface and amine-functionalized polymers (PEG) using a novel electrochemical surface forces apparatus. We examined the potential dependence of specific amine-gold interactions and measured that the binding strength of amine-gold bonds can range from 0.5 to 40 k B T per binding site, depending on the applied electrochemical potential. Notably, this interaction exhibits a pronounced minimum around the potential of zero charge, where the polymer-gold adhesion is dominated by non-specific interactions between the polymer backbone and electrode surface, consistent with the adhesion of PEG polymers with gold surfaces in the absence of amine functionalization. Further, repulsive hydration interactions were observed to be stronger for amine-terminated PEG compared to non-functionalized PEG, due to increased hydration and presence of counterions in the case of amine-terminated PEG. Our results provide molecular-scale insight into design and optimization of polymer coatings for numerous applications requiring strong, specific binding interactions between polymers and metals (or their native oxides), for example passivating layers in biomedical implants and electronic devices.
Introduction
Interaction forces at soft matter/metal interfaces determine the structures, functionalities, and stabilities of materials in a wide range of technological and medical applications. For example, a detailed understanding of the complex interactions of cell membranes and lipid vesicles with metal nanoparticles is critical to establish knowledge based engineering and design of nanomaterials as safe and efficient drug carriers [1] [2] [3] . Moreover, interactions of biological materials and fluids with metal and/or metal oxide surfaces can strongly influence (i.e., typically accelerate) the corrosion and/or tribo-corrosion rates of implanted materials such as hip-replacements or stints used for the relief of artery blockages [4] . Further, the adhesion between a polymer or organic coating and an engineering-metal surface (which is typically oxide covered) is crucial to achieve desired properties such as increased wear protection [5] , electrical insulation [6] or corrosion protection [7] . In particular, organicbased paints have been widely used as an effective and cheap protective coating for steel and various other structural and functional materials, which are prone to corrosion. All of the above applications share the common theme that the initiations and rates of corrosive reactions are critically influenced, and may be controlled and mediated, by the interactions of soft matter (whether it is polymers or biological materials) with metallic materials.
Stratmann, to whom this article is dedicated, is well recognized for his pioneering studies of local electrochemical potentials and reactions at interfaces comprised of organic coatings in contact with metal and metal-oxide surfaces at the micro-and nano-scale. An intact polymer coating can slow down corrosion rates even for bare iron surfaces by orders of magnitude [8] [9] [10] [11] . These remarkable protective properties of organic coatings at ambient conditions are not simply a result of the increased barrier properties of the coating for water and oxygen, the two main reactants involved in corrosive reactions. In contrast, diffusion rates of water and oxygen through polymer coatings are typically fast enough to potentially give rise to high corrosion rates. Yet, the very low solubility of ions in polymer matrices [8] can lead to both low conductivities and extended electrical double layers with large effective Debye lengths at metal/polymer interfaces. Low ion mobilities and concentrations can prevent the short-circuiting of local cathodes and anodes, leading to strongly increased activation barriers for, and hence much decreased rates of, interfacial corrosion reactions.
Remarkably, if a protective polymer coating is damaged on a molecular scale, for example only a small fraction of the polymermetal bonds break, water layers at the interface may be formed almost instantly [8] and corrosive reactions can consequently be accelerated. With the invention of the scanning Kelvin probe [11] , which can measure local electrochemical potentials underneath a coating, it was shown that a significant anodic metal dissolution takes place at a defect area with delaminated polymer [8] . This, in turn, leads to an increasing concentration of charge carriers in the interfacial water layer at a defect interface between a polymer and a metal, and corrosive reactions can be initiated with a nearby local cathodic area. It was shown that local cathodes are typically located at the intact metal/polymer interface [8] . At the local cathode, oxygen reduction proceeds at low electrochemical potentials. This leads to both (1) a strong alkaline pH-shift, and negative charge that is, hydroxide accumulation (which can trigger the migration of metal ions toward an intact polymer metal interface, initiating a local corrosion element [12, 13] ), and (2) formation of aggressive corrosion products like H 2 O 2 or radicals. Such aggressive species can attack metal/polymer bonds to initiate further and progressive delamination of the protective coating, which accelerates the subsequent disintegration of the coated material.
However, it has also been shown that the molecular structure of a polymer can strongly influence interfacial electrochemical processes [14, 15] , and the development of smart coatings, with integrated adaptive mechanisms [16] or specific functional groups [17] , may effectively inhibit or slow down the corrosion of various materials. In spite of the importance of this field for a wide range of applications, the interactions and adhesion of polymer molecules with electrochemically active interfaces are still poorly understood at the molecular level. Here, we discuss recent experimental advances made using our newly designed electrochemical surface forces apparatus (EC-SFA) [18] [19] [20] [21] , which allows the direct quantification of interaction forces at electrochemically active metal surfaces. In particular, we discuss how we can uniquely unravel and quantify molecularscale effects of the polymer-backbone and polymer-functionalization on interaction forces, and resultant adhesion, of polymers with metallic model surfaces over a wide range of applied electrochemical potentials. Our results and approach provide a rationale for designing functional polymers for both the prevention of corrosion as well as for smart adaptive coatings for biomaterials applications.
Methods and materials

EC-SFA and interaction force measurements
All force measurements were performed in 5 mM (pH 2.3) or 1 mM (pH 3.0) HNO 3 solution (as noted) using an SFA-2000 setup obtained from SurForce LLC (Santa Barbara, USA) with the interacting surfaces either in a crossed-cylinder or a flat-sphere geometry, which are both equivalent and with a nominal radius of curvature R ¼ 2 cm. The electrochemical three-electrode attachment for the SFA 2000 consists of the gold working electrodes (WE), a platinum counter electrode (CE) as well an Ag|AgCl (3 M KCl) reference electrode, to which the external potential, U, is referenced during the experiment. The externally applied potential is shifted towards the potential of zero charge, which is at about þ140 mV with respect to the Ag|AgCl electrode used as our experimental reference [22] . Measurements were done at 23 8C and only normal forces are reported in this study. For the measurement of the distance and the actual surface geometry (experimental radius, R), white light multiple beam interferometry was employed, which produces so called fringes of equal chromatic order (FECO). For details, the reader is referred to our earlier work [18] [19] [20] [21] [23] [24] [25] .
Details of the experimental system
As shown in Fig. 1a , we applied an electrochemical potential U to a gold electrode surface and simultaneously measured the ensuing force-distance profiles between the electrified gold electrode and lipid bilayers with short-chain and end-functionalized poly-ethylene-glycol (PEG) molecules extending from the bilayer as displayed in the schematic in Fig. 1b . We used two different head-group modifications for the PEG: First, CH 3 terminated PEG 45 molecules present a model system in which the backbone is terminated by a chemical functionality similar to the backbone chemistry. As second modification we introduce NH þ 3 functionalities as head-group. The NH þ 3 functionality is positively charged at the acidic experimental conditions. In the schematic, the thickness of the lipid bilayer T BL , which is typically 6-7.5 nm for hydrated bilayers [25] , is indicated. Throughout the manuscript, we refer the applied electrochemical potentials with respect to the potential of zero charge, U PZC , where the effective surface charge density of the gold surface is zero. The zero distance, D 0 , where D ¼ 0 is defined as the distance between gold and mica in dry nitrogen atmosphere, with no applied electrochemical potential.
Chemicals and materials
Solutions were prepared from titration standards for HNO 3 (0.2 mol/L). Before experiments, solutions were filtered and deaerated by refluxing the solution for at least 2 h in argon atmosphere. Water used in the experiments was de-ionized using a Milli-Q filtration system. Atomically smooth gold surfaces were prepared using templating techniques [20, 26] . First, a freshly cleaved mica sheet with a thickness from 15 to 25 µm was coated with a 42.5 nm thick gold layer. Next, the mica sheet was glued gold-down onto a cylindrical glass disc (with a radius of R ¼ 2 cm) using a UV curable glue (Norland Adhesives, NOA81). Prior to curing, the glue was degassed under vacuum for at least 30 min to avoid the formation of gas bubbles underneath the gold surface. After fully curing the glue, the mica-sheet was stripped off in ethanol (which minimizes the mechanical stress while peeling off the mica) to reveal the gold surface. The resulting gold surfaces are atomically smooth and well suited for SFA measurements with well-defined surface geometries [20, 25] .
Bilayers were deposited on mica using the LangmuirBlodgett (LB) technique. The first monolayer of the supported bilayers was a closely packed DSPE monolayer, which was transferred onto the mica at a surface pressure of 40 mN/m and an area of 42 Å 2 per molecule. During transfer, the mica was raised through the air-water interface with a rate of 1 mm per minute. DSPE monolayers are known to form strong physical bonds with the mica support through Coulombic interactions [27] and provided a smooth hydrophobic surface for the deposition of the outer layer. For the outer layer, DSPE and DSPE-PEG 45 -X (with X ¼ CH 3 or NH 2 ) were spread on the surface of the trough at the desired molar ratio, equilibrated for at least 30 min, and then the deposition proceeded as described above. Experiments were also completed with DSPE-PEG 27 -NH 2 for certain experiments, as noted in Fig. 2 . The resulting PEG-functionalized bilayercoated mica surface was kept under water for the remainder of an experiment because dehydration leads to destruction of the outer monolayer [28] .
Results and discussion
Using the recently developed [18] [19] [20] [21] electrochemical SFA (EC-SFA) setup illustrated in Fig. 1a , we measured interaction forces between gold electrodes and PEG-functionalized lipid bilayers in aqueous 5 mM pH 2.3 HNO 3 solutions, while controlling the electrochemical potential of the gold electrode surface, U, in situ. All of the bilayer surfaces exhibited well-defined concentrations of end-grafted poly-ethylene-glycol modified (PEG-functionalized) lipids with different head-group functionalities (Fig. 1b) . Details of the EC-SFA method have been explained in our previous work [18] [19] [20] [21] [23] [24] [25] and are briefly summarized in Fig. 1a and in the experimental section. Figure 1b shows a detailed schematic of the interfaces studied in this work. For the measurements presented here, we used a mono-disperse chain length of 45 units for the PEG polymers facing a molecularly smooth gold surface, which was prepared by a template stripping method [20, 26] . Furthermore, both an amine terminal group (-NH þ 3 , positively charged at the experimental pH 2.3) as well as a methyl terminal group (-CH 3 ), meaning one additional methyl unit in the 45 unit the PEGbackbone, were studied separately. Through variation of the electrochemical potential, U, the surface potentials F Au (U) and the related surface charge densities s Au (U) of the gold electrode surface were controlled, and hence the electric double layer structure at the gold electrode surface can be varied in situ. Moreover, the chemical nature of the metal surface can be varied by applying positive electrochemical potentials that are more positive than the gold oxidation potential in the HNO 3 solution U OX ¼ þ900 mV (vs. U PZC ), leading to the growth of a few Å to nm thin gold oxide film at the surface [20, 29] . This allows us to directly study the effect of varying electrochemical potentials and electrochemically induced surface reactions (such as surface oxidation (i.e., corrosion), on the interaction forces between gold electrodes and PEG-functionalized lipid bilayer surfaces. In our experiments, the surface density of the PEG-functionalized lipids, and hence the average distance between the end-grafted PEGfunctionalized lipids molecules, was fixed at 0.7-0.9% for the NH þ 3 -and CH 3 -terminated PEG-functionalized lipids respectively. This concentration results in a so-called "mushroom" distribution of the polymers at the surface, in which the polymers do not laterally interact with each other, allowing a direct quantification of interaction forces based on fixed number densities of polymers. The contour length L C of the PEG molecules, that is, the length at full extension, is 16.8 nm, assuming a typical length of an individual segment of 0.365 nm [25] . This defines the maximum distance that the PEG molecules can explore, L C . The average statistical radius of the solvated PEG molecules in a good solvent is called the Flory Figure 2 shows representative force-distance profiles measured under different positive and negative externally applied electrochemical potentials, DU ¼ U À U PZC , as defined in Fig. 1 . The contact distance, D ¼ 0, is defined as the distance measured between the gold electrode surface and the bare mica surface (with no PEG-functionalized lipid bilayer) in dry nitrogen under high load, with no fluid between the surfaces and no applied electrochemical potentials. Under these conditions, the Au surface is in direct contact with the mica surface. Figure 2a and b shows the force-distance profiles measured for the PEG lipids with two different terminal chemical groups. Our results demonstrate that there are several differences between the force-distance profiles measured across bilayers with these two distinct polymer modifications, namely the -NH þ 3 and the -CH 3 termination. First, when the two surfaces are brought together (curves marked IN), polymer surfaces made from the different PEG-functionalized lipids approach to different characteristic "hard-wall" distances, T HW , which is defined as the distance between the two surfaces at an applied force that is normalized by the surface radius of F max /R ¼ 30 mN/m (the maximum applied force).
The distance D HW provides insight into the effective stiffness of the polymer chains. The PEG À NH þ 3 terminated surfaces can be compressed to hard wall distances ranging from 10 to 12.5 nm, while the PEG-CH 3 terminated surfaces can approach to hard-wall distances ranging from 7 to 9 nm at an applied F/R of 30 mN/m. Figure 3 indicates that the approach curves can be well described using a linear superposition of a polymer mushroom repulsion [23, 25] , a steric hydration repulsion term [30] , electric double layer interactions F EDL (D) (for details see [21] ) and Van der Waals forces acting between the two surfaces:
where R F is the Flory radius, D H ¼ 1 nm is the characteristic decay length of the hydration repulsion [30] , k B is Boltzmann's constant, T is the absolute temperature, A H ¼ 2.5 Â 10 À20 J/m 2 is the effective Hamaker constant, R is the mean radius of the crossed cylinder surfaces and G ¼ 2.1 Â 10 16 molecules/m 2 is the surface concentration of the polymer mushrooms. The terms T BL and T HW are present to shift the plane of origin of mushroom and polymer dehydration forces to the PEG-functionalized bilayer surface. T HW is found to be consistently further out than T BL by between 8 and 15 Å, representing an additional contribution to the measured distance that corresponds to the size of the compressed PEG chains. The data fits well with a Flory radius of R F ¼ 3.3-3.5 nm, indicating a good solvent situation with an R F close to the expected value of 3.6 nm. Van der Waals interactions only weakly contribute to the overall measured interaction forces, and are overpowered by hydration and polymer mushroom interactions. The strength of electric double layer interactions depends on the applied electrochemical potential, but electric double layer interactions were also observed to be dominated by the polymer steric repulsions for these experimental conditions.
The third term in Equation (1) above accounts for hydrophobic (attractive) or steric-hydration (repulsive) interactions in water, both of which have been observed to have the same decay length of D H ¼ 1 nm and pre-exponential factor [30] . The value for the interfacial tension, g ¼ 50 mJ/m 2 , is a reference value and chosen for comparison with previous work on hydrophobic and hydrophilic interfaces [30] . The Hydra parameter, Hy, is a non-dimensional parameter that has a value Hy ¼ 1 for fully hydrophobic surfaces, Hy ¼ 0 for negligible contribution from hydrophobicity or hydrophilicity, and Hy < 0 for hydrophilic surfaces, with larger negative values corresponding to increased affinity of water and hydrated ions at surfaces. In this work, Hy < 0 as described below, resulting in repulsive hydration interactions arising from osmotic repulsions upon compressing the hydrated polymer chains and ions within the gap.
R F , Hy, and D H were fitted as free variables, with consistent D H values close to 1 nm for both polymer modifications. Figure 3 demonstrates that the theoretical form of Equation (1) case, respectively. This parameter is useful to gauge the binding affinity of ions and water at interfaces, with typical values for molecularly smooth hydrophilic surfaces ranging from À0.05 to À0.5 [21] . Interestingly, the larger value for Hy for the -NH þ 3 head group reveals an increased repulsive energy needed to squeeze out hydrated ions and water molecules from the confined polymer [31] . PEG is well known for its ion and water retaining Figure 3 . Force-distance profiles measured at DU ¼ À60 mV and DU ¼ À120 mV during approach for PEG-CH 3 (green) and PEG À NH þ 3 , respectively and fits for both profiles to Equation (1) www.matcorr.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
properties [1] . This is not an unexpected result, as the positive charge of the -NH þ 3 functionality needs to be counterbalanced by an increased number of anions and their associated hydration shells. The Hy value for the PEG-CH 3 on the other hand is considerably smaller, indicating a decreased affinity of water and ions at the polymer-metal interface. Figure 2a and b reveal that the resulting adhesion forces also exhibit large variations between the PEG À NH þ 3 and PEG-CH 3 containing bilayers. In particular, the adhesive forces have a strong potential dependence for the PEG À NH þ 3 case, while adhesion forces for the PEG-CH 3 case depend only weakly on the applied electrochemical potentials. Notably, while the repulsive forces measured on approach demonstrate that contacts of the metal electrode with the PEG À NH þ 3 terminated lipid bilayer surfaces are more heavily hydrated than for the PEG-CH 3 bilayers, the adhesion forces measured upon separation of the two surfaces are much higher in magnitude for the PEG À NH þ 3 bilayers than for the PEG-CH 3 bilayers. Further, this adhesion changes by a factor of up to 4 for the case of the PEG À NH þ 3 bilayers, depending on the electrochemical potentials, DU, that are applied to the gold surface. These changes in adhesion force are primarily due to the specific interaction of -NH þ 3 with the gold electrode surfaces, including the cases where gold oxide is present on the electrode surfaces at high anodic potentials, where DU > U OX .
Specific interactions are also directly reflected in the shape of the force-distance profiles plotted in Fig. 2a and b . The force profiles recorded during separation clearly show that the adhesive bindings do not break at distances D HW where the hard wall is located. The adhesive bindings were instead observed to break at larger distances, denoted D Jump , where D Jump was observed to span a range of distances up to, but not further than, the full contour length L C (indicated in the force-distance profiles) of the PEG-polymer tethers. This phenomenon has been well documented, and is typically known as a polymer bridging interaction [32] . These polymer-bridging interactions are indicative of two surfaces that are adhering through a polymer tether that is strongly attached to both interacting surfaces at different points in the polymer chain. Figure 2c shows the potential dependence of the experimental adhesion forces F ADH , which is defined as the minimum in the force-distance plot measured during separation of the gold electrode and the PEG-funtionalized bilayer surface. From this data, adhesion energies can be directly calculated using Derjaguin's approximation [23] 
Comparing the surface density of the polymer molecules, G ¼ 2.1 Â 10 16 molecules/m 2 , to the measured adhesion energies, W ADH ¼ 1.1-4.7 mJ/m 2 , allows the calculation of the adhesion energy per polymer molecule, which is plotted on the second y-axis in Fig. 2c .
Additionally, comparing the adhesion energies for -NH þ 3 and -CH 3 terminated PEG-molecules allows for quantification of the different contributions to the measured polymer chain-mediated adhesive interactions. For example, we can approximate what portion of the measured interaction energies are due to polymer chain and/or specific NH þ 3 terminal group interactions with the electrified gold surface. From these calculations, we determined that the -NH þ 3 /gold bond interaction energies range from 0.5 to 45 k B T, depending on the applied electrochemical potential DU. For the CH 3 -terminated PEG, the results indicate that the sole contribution to the polymer-gold adhesive interaction is due to the interaction of PEG segments with the gold surface, that is, binding of the PEG polymer backbone to the gold surface, which yields interaction energies ranging from 6 to 12 k B T per PEG, or 0.13-0.26 k B T per polymer segment.
Further, the NH þ 3 terminated PEG-functionalized bilayers display minima in the measured adhesion energies around the potential of zero charge. Interestingly, this result suggests that the binding mechanism of the -NH þ 3 group is not exclusively based on electrostatic interactions between the gold surface and the positively charged -NH þ 3 functionality, although the electrostatic component of this interaction energy was the focus of previous work [25, 33] . At applied electrochemical potentials DU < U PZC the gold surface is negatively charged and may electrostatically attract the -NH polymers with gold surfaces at the U PZC are dominated by the interactions of the PEG 45 -backbone, resulting in similar adhesions for both cases. Notably, nitrate ions in the aqueous solutions are known to exhibit strong, specific interactions with gold surfaces at potentials around U PZC [34] , so the lack of specific NH þ 3 -gold interactions may be due to a protecting layer of nitrate ions strongly bound to the gold, effectively blocking the NH þ 3 groups.
Another subtlety arises at higher potentials, where the adhesion measured for the PEG-(NH 3 ) þ rises again to values above 30-40 k B T. For this potential range, nitrate ions will be electrochemically desorbed and become replaced by chemisorbed hydroxide ions [29] . In contrast to nitrates, adsorbed hydroxides may promote adhesion at higher potentials and in particular on the fully oxidized metal (above DU ¼ 960 mV) through condensation reactions. This effect is well known for metal-oxide surfaces, where adsorbed hydroxides considerably increase reaction kinetics for chemisorption of self-assembled monolayers [35] [36] [37] . In general, high adhesion energies and the observed bridging forces agree well with theoretical studies predicting strong specific interaction energies of amine functionalities with gold surfaces, in the range of 40 k B T for one single--NH þ 3 /gold bond [38] . Hence, the specific -NH þ 3 /gold interaction is much stronger than the non-specific interactions, such as Coulombic (typically 5-10 k B T [23] ) or Van der Waals interactions, at the polymer/metal surfaces.
Notably, the formation of specific bonds between the protonated -NH þ 3 functionalities and positive gold surfaces requires that repulsive electrostatic energy barriers are overcome if the positive chemical group approaches the positive electrode surface. The energy penalty associated with these electrostatic barriers would be eliminated if the amine functionalities become deprotonated when confined close to the positive electrode surface. Alternatively, confinement is known to lower activation barriers for ion-transfer reactions, for instance for silica dissolution in confinement [19] . In any case, theoretical calculations suggest that the specific amine/gold bond is ultimately uncharged after forming [38] . These observations suggest, that the adhesion forces at positive potentials may strongly depend on contact times and maximum compressive loads (preloads). A detailed investigation of the time effects and prolonged contact times up to several hours is beyond the scope of this work, yet may have a significant influence on the measured adhesive forces [39] .
In summary, we conclude that the adhesive minimum reflects a very delicate balance between ion-adsorption, backbone adsorption and -NH þ 3 adsorption energies and kinetics. Also, it is well known that the introduction of specific functionalities can be an effective strategy for promoting adhesion between metals and polymeric materials, yet the effects of these specific functionalities for example, on corrosion rates may be much more complex than previously expected [10, 15] . As demonstrated in this work, introducing hydrophilic functional groups also leads to a muchincreased water and ion content at an electrified polymer|metal interface. Thus, the design of adhesion-promoting polymers must be delicately balanced with optimizing the chemical structures of polymers that provide a significant retardation of corrosion reactions. We found that PEG-CH 3 polymers exhibit weak binding energies to the electrified gold surface ranging from 6 to 12 k B T per PEG polymer, or about 0.13-0.26 k B T per individual PEG segment. The measured range of the adhesive forces suggests that these interactions are due to weak Van der Waals interactions of the polymer backbone with the gold surface. This binding does not involve a charge-charge interaction, is non-specific and hence depends only weakly on the applied electrochemical potential.
Conclusions
We also showed that -NH þ 3 functionalities exhibit a strongly potential dependent, yet specific, binding interaction to gold surfaces leading to considerable bridging forces (panel 2 in Fig. 4 ) ranging from 0.5 to 45 k B T per -NH þ 3 |gold bond, with a pronounced minimum around the potential of zero charge U PZC . The strong binding energies compare well with recent simulation studies and indicate a weak covalent bond between gold and -NH þ 3 . The minimum binding energy observed near U PZC results from the complex interplay between hydration, specific ion adsorption to the gold surface, and the specific functional groups at the electrified polymer|metal interfaces. Extended time effects are also expected to play important role, and are currently under further investigation.
In summary, using an EC-SFA provides the possibility to unravel the delicate balance between polymer-backbone and polymer-functionalization, competitive specific ion and water adsorption at the interface and the applied electrochemical potential. We used this approach to quantify the influence on adhesion and stability of a polymeric and specific bonding at an electrified interface. Our approach may provide an effective technique to elaborate the effects of specific polymer modification in both technical and medical applications, where a desired binding interaction between metal, or metal oxides and polymer materials is needed for an optimized performance of composite materials. Our systematic approach provides the possibility to optimize technical systems for low and for high adhesion at given electrochemical potentials. interface. As depicted in 1(b), PEG-CH 3 |gold interfaces exhibit a decreased D HW , which is related to less strongly bound hydration layer within the nonfunctionalized PEG. In (2) a schematic depicts how bridging forces can lead to an increased distance from which the surfaces jump apart www.matcorr.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
